In bacterial transcription complexes, nascent RNA structures increase pause duration. Results: Antisense RNA and to a lesser extent DNA oligonucleotides mimic effects of RNA structures synergistically with NusA and competitively with RfaH. Conclusion: Exit channel duplexes interact specifically with RNA polymerase and NusA and compete with RfaH to control clamp position. Significance: Insights into conformational dynamics of RNA polymerase improve mechanistic understanding of transcriptional regulation.
We report new insights into these mechanisms using antisense oligonucleotide mimics of a pause RNA hairpin from the leader region of the his biosynthetic operon of enteric bacteria like Escherichia coli. By systematically varying the structure and length of the oligonucleotide mimic, we determined that full pause stabilization requires an RNA-RNA duplex of at least 8 bp or a DNA-RNA duplex of at least 11 bp; RNA-RNA duplexes were more effective than DNA-RNA. NusA stimulation of pausing was optimal with 10-bp RNA-RNA duplexes and was aided by single-stranded RNA upstream of the duplex but was significantly reduced with DNA-RNA duplexes. Our results favor direct NusA stabilization of exit channel duplexes, which consequently affect RNAP clamp conformation. Effects of RfaH, which suppresses oligo-stabilization of pausing, were competitive with antisense oligonucleotide concentration, suggesting that RfaH and exit channel duplexes compete via opposing effects on RNAP clamp conformation.
Transcriptional pausing plays multiple roles in regulating RNA synthesis and gene expression in all domains of life (1) . In bacteria, pauses help to maintain coupling of transcription and translation, aid proper folding of nascent RNA, and provide time for recruitment of regulators and are the first step in both Rho-dependent and intrinsic (Rho-independent) termination of transcription (1) (2) (3) (4) (5) (6) (7) (8) (9) .
Multiple lines of evidence suggest that bacterial RNA polymerase (RNAP) 3 initially enters pause states by a sequenceinduced structural isomerization that alters the active site and disrupts the nucleotide addition cycle. This initially formed pause state, termed the elemental pause, forms in competition with nucleotide addition; thus, some elongating RNAPs may bypass entry into the elemental paused state with a probability that varies among pauses (10, 11) . At a subset of elemental pauses, additional rearrangements of the elongating transcription complex (EC) or interactions of regulators prolong the pause (1, 12) . These rearrangements include (i) reverse translocation (backtracking) of the RNA and DNA chains through RNAP, which removes the RNA 3Ј-OH from the active site, and (ii) formation of RNA secondary structures ("pause hairpins") in the RNA exit channel of RNAP, which is thought to inhibit nucleotide addition indirectly by stabilizing a conformation of RNAP in which the clamp domain is opened (Fig. 1) .
A model pause signal from the his operon leader region uses a 5-bp stem, 8-nt loop pause hairpin that forms 12 nt from the RNA 3Ј-end to synchronize transcription of the his transcriptional attenuator with translation of the leader peptide coding region; the translating ribosome disrupts the hairpin to release the paused EC (1) . Stabilization of the paused EC by the his pause hairpin appears to involve multiple inhibitory effects on steps in the nucleotide addition cycle in the RNAP active site (13) . Non-paused nucleotide addition (50 -100 s Ϫ1 for Escherichia coli RNAP) requires four steps: (i) translocation of RNA and DNA through RNAP to position the RNA 3Ј-OH and tem-* This work was supported, in whole or in part, by National Institutes of Health plate base in the so-called i and i ϩ 1 subsites; (ii) NTP binding in the i ϩ 1 subsite; (iii) catalysis; and (iv) pyrophosphate release (14) . Translocation shifts the DNA bubble downstream by shortening the RNA-DNA hybrid from 10 to 9 bp, shifting ϳ5 nt of ssRNA that lies in the RNA exit channel upstream, melting one bp of the downstream DNA duplex directly in front of the RNA 3Ј-end, and reannealing one bp of upstream DNA duplex (15, 16) . Rapid catalysis requires folding of the trigger loop into an ␣-helical hairpin (trigger helices) that contacts the NTP substrate and forms a three-helix bundle with the bridge helix. The bridge helix, which spans the active site cleft, is deformable and may occlude the i ϩ 1 subsite when NTP is absent and the trigger loop is unfolded. The elemental pause appears to form when contacts between the clamp domain, the RNA-DNA hybrid, and the downstream DNA duplex are loosened in a partially translocated EC, leading to a rearrangement in which a deformed bridge helix prevents template base entry into the i ϩ 1 subsite (17) . Subsequent formation of the pause RNA hairpin then appears to stabilize the paused EC in the pretranslocated register with the RNA 3Ј nt frayed off the template base and the clamp domain opened, inhibiting both translocation and formation of the trigger helices even after translocation and NTP binding (12, 18, 19) . Recent structural, single-molecule, and biochemical studies have provided evidence for the flexibility of the RNAP clamp domain (20, 21) , its movement associated with transcriptional pausing (17) , and the inhibition of trigger loop folding in the hairpin-stabilized paused elongation complex (PEC) (19) .
Regulators of pausing influence the RNAP active site through contacts to the pause hairpin, exit channel, or RNAP clamp domain (Fig. 1) . NusA increases the duration of hairpin-stabilized pausing through contacts to the hairpin and the tip of the flap domain, which forms the wall of the RNA exit channel opposite the clamp (22) (23) (24) (25) (26) (27) (28) ). An alternative model in which NusA acts indirectly to stabilize the hairpins by displacing ssRNA from a different NusA-binding site outside the RNA exit channel has also been proposed (29) . In contrast, the NusG paralog RfaH suppresses hairpin effects on pausing through contacts to RNAP thought to inhibit clamp opening (30 -32) .
Both enhancement of pausing by the his pause hairpin and the hairpin contribution to NusA enhancement of pausing can be mimicked by formation of an 8-bp RNA duplex using an RNA oligo complementary to the exiting RNA (23) . Although there is some evidence that changes in hairpin structure can influence pause or NusA effects (27) , it remains unclear (i) if any duplex that favors clamp opening is sufficient for these effects; (ii) if specific features of the duplex are needed to enhance pausing; or (iii) if the essential features might differ among exit channel duplexes for the basic hairpin effect, NusA enhancement of pausing, and RfaH suppression of pausing. To investigate these questions, we systematically varied RNA exit channel duplexes using complementary RNA and DNA oligos of varying lengths and concentrations and assayed pause prolongation, NusA enhancement, and RfaH suppression. Our results yield new insights into the mechanisms by which nascent hairpins affect pausing, support a model for direct NusA-hairpin interaction, and establish that duplexes and RfaH compete in a concentration-dependent manner for effect on EC.
EXPERIMENTAL PROCEDURES
Materials-All DNA and RNA oligonucleotides (Table 1) were obtained from Integrated DNA Technologies (Coralville, IA) and purified by denaturing PAGE before use. [␣-
32 P]CTP was from PerkinElmer Life Sciences, and NTPs were from GE Healthcare.
Proteins-Core E. coli RNAP was purified as described previously (13, 33) . His-tagged full-length and N-terminal domain of NusA were purified from BL21 DE3 cells containing a NusA overexpression plasmid by a two-step purification protocol using HisTrap HP affinity chromatography followed by gel filtration on Superdex 200, as described previously (23, 28) . RfaH-NTD was obtained by overexpression of an RfaH derivative containing a tobacco etch virus protease cleavage site between the NTD and CTD and containing a C-terminal hexahistidine tag from plasmid pIA777 (kindly provided by I. Artsimovitch). E. coli cells (BL21 DE3) harboring pIA777 were grown at 37°C in LB medium containing kanamycin (25 g/ml) until apparent A 600 reached 0.6. The temperature was then lowered to 20°C, and isopropyl-1-thio-␤-D-galactopyranoside was added to a final concentration of 0.2 mM. Cells were harvested after overnight induction and pelleted at 2800 ϫ g for 15 min at 4°C. Cell pellets were resuspended in buffer A (50 mM Tris-HCl, pH 7.9, 0.05 mM EDTA, 8% glycerol, 500 mM NaCl, 2 mM ␤-mercaptoethanol) supplemented with 0.1 mg of PMSF/ml and a protease inhibitor mixture (final concentrations of 0.0125 mg of benzamide/ml, 2 ϫ 10 Ϫ4 mg of chymostatin/ml, 2 ϫ 10 Ϫ4 mg of leupeptin/ml, 4 ϫ 10 Ϫ5 mg of pepstatin/ml, 4 ϫ 10 Ϫ4 mg of aprotonin/ml, and 4 ϫ 10 Ϫ4 mg of antipain/ml) and lysed by sonication. After centrifugation at 27,000 ϫ g at 4°C for 15 min, the supernatant was applied to a 5-ml HisTrap HP affinity column (GE Healthcare). The eluted fractions containing the fulllength RfaH were combined and dialyzed in buffer A overnight at 4°C. The full-length RfaH was then cleaved with ϳ500 units of His 6 -tobacco etch virus protease in buffer A for 2 h at 20°C, as described previously (31). The cleavage products were then reapplied to the HisTrap HP column, and RfaH-NTD was recovered in the flow-through. The recovered fractions con- taining RfaH-NTD were pooled, dialyzed against storage buffer (10 mM Tris-HCl, pH 7.9, 50% glycerol, 250 mM NaCl, 0.1 mM EDTA, 0.1 mM DTT), and analyzed by SDS-PAGE.
In Vitro EC Reconstitution-Nucleic acid scaffolds for reconstituting ECs were assembled in reconstitution buffer (10 mM Tris⅐HCl, pH 7.9, 40 mM KCl, 5 mM MgCl 2 ) by heating RNAs, tDNAs, and ntDNAs (0.5, 0.6, and 0.6 M, respectively; Table 1 ) to 95°C for 2 min, rapidly cooling to 45°C, and then cooling to room temperature in 2°C steps of 2 min each, as described previously (28) . ECs reconstituted by incubating core E. coli RNAPs with the nucleic acid scaffold (3:1 RNAP/scaffold) in elongation buffer (25 mM HEPES-KOH, pH 8.0, 130 mM KCl, 5 mM MgCl 2 , 1 mM dithiothreitol, 0.15 mM EDTA, 5% glycerol, and 25 g of acetylated bovine serum albumin/ml) for 15 min at 37°C.
In Vitro Transcriptional Pause Assays-The nascent RNA in the reconstituted ECs was first radiolabeled by incubation with [␣-32 P]CTP (2 M; 5 Ci/mmol) in elongation buffer at 50 nM EC for 1 min at 37°C to give C18 ECs (28) . Reconstitution buffer (as control) or antisense DNA or RNA oligos (1 M final concentration if not indicated otherwise) were then added to the solution, and incubation was continued at 37°C for 10 min. The C18 ECs were then incubated with 10 M GTP and 100 M UTP. Reaction samples were removed at the indicated times and quenched with an equal volume of 2ϫ stop buffer (8 M urea, 50 mM EDTA, 90 mM Tris borate buffer, pH 8.3, 0.02% bromphenol blue, and 0.02% xylene cyanol). After the final time point, high concentrations of GTP and UTP (500 M each) were added to chase all active ECs out of the paused state. The radiolabeled RNA reaction products were then separated by electrophoresis using a denaturing 20% polyacrylamide gel in 0.5ϫ TBE buffer (34) . Experiments were conducted with three variations: (i) with no oligonucleotide (reconstitution buffer solution); (ii) with RNA oligos ranging from 5 to 12 or 22 nt in length; or (iii) with DNA oligos ranging from 8 to 12 or 22 nt in length. The experiments were repeated with full-length NusA (ϳ2.5 M), NusA-NTD (4 M), or RfaH-NTD (125, 250, or 500 nM), which were added immediately after [␣-
32 P]CTP radiolabeling and allowed to bind for 10 min at 37°C.
Data Quantitation and Analysis-Gels were exposed to PhosphorImager screens, scanned using a Typhoon PhosphorImager, and quantitated using ImageQuant software (GE Healthcare). The RNA present in each lane was quantitated as a fraction of the total RNA in each lane (Fig. 2) and corrected for the unreacted fraction remaining in the chase lane. The rates of escape from the his pause site (k; reported as half-lives, t1 ⁄ 2 ) and the fractions of EC in the one or two pause states (E) were obtained by fitting the data to either a single-or double-exponential decay equation. In most experiments, the slow pause fraction, which may represent backtracked C18 or U19 ECs (28), was negligible and was not included in the calculation of pause half-life. For experiments with RfaH-NTD, two significant pause fractions were present in some conditions. Thus, for the experiments with RfaH-NTD (Fig. 7) , we calculated and reported pause strength, 0 , as E/k, where E is the pause efficiency when only one paused state existed, or as (f 1 /k 1 ) ϩ (f 2 /k 2 ) when two paused states existed (35) . f 1 and f 2 are the fractions of paused RNAPs that enter the paused states with escape rates k 1 and k 2 (see Fig. 7D ). All measurements of pause half-lives or pause strengths are reported as means Ϯ S.D. of experimental triplicates.
RESULTS
The Length of RNAP Exit Channel RNA-RNA Duplexes Affects PEC Lifetime-An 8-bp RNA-RNA duplex formed by pairing an RNA oligo to the nascent RNA at the location of the his pause hairpin (transcript 3Ј-proximal end of duplex at Ϫ12) mimics the pause lifetime-increasing effect of the hairpin (23). To test whether the length of the RNA duplex influences this effect, we first asked if shortening the duplex to 7 bp without changing its location altered the duplex effect on pause lifetime. We performed this experiment using reconstituted ECs formed with E. coli RNAP on partially complementary nucleic acid scaffolds known to recapitulate the properties of the his paused EC, as described previously (28) (Fig. 2 , A and B; see "Experimental Procedures"). C18 complexes were labeled with 32 P by incubating G17 ECs formed 2 nt upstream from the pause site with [␣-
32 P]CTP. After annealing an 8-mer RNA oligo to the exiting RNA, the lifetimes of paused ECs formed at U19 were measured by tracking the 32 P-U19 RNA as a function of time after the addition of GTP and UTP (to 10 and 100 M, respectively) using denaturing polyacrylamide gel electrophoresis (Fig. 2, C and D) . Consistent with previous findings, formation of the 8-bp exit channel duplex strongly stimulated pausing, and the magnitude of this effect (ϳ10-fold on pause duration) was equivalent to the difference in pause duration between an EC lacking an exit channel duplex and one containing the natural his pause RNA hairpin (Fig. 2F ). However, shortening the exit channel duplex to 7 bp decreased pause duration by a factor of ϳ2 even at saturating concentrations of complementary 7-mer oligo ( Fig. 2 , E and F; see below). (Note that the nascent RNA used to test the 7 mer antisense oligo is 1 nt shorter than the RNA used to test the 8-mer oligo; thus, C17 and U18 ECs for the 7-mer are equivalent to C18 and U19 ECs for the 8-mer.) Thus, an 8-bp but not a 7-bp RNA duplex is sufficient to recapitulate the full hairpin effect. This result confirms our previous report (23) that the hairpin stem, but not the hairpin loop, generates the hairpin-stabilizing effect and suggests that the length of the stem determines the magnitude of the effect.
Although we allowed ample time for equilibration of antisense oligo binding to C17 ECs used to test the 7-mer oligo before assaying pausing at position U18, we were concerned that oligos might bind the U18 ECs more tightly and that our results could be compromised by incomplete equilibration with the transient U18 ECs. In principle, the posttranslocated C17 EC, which is thought to predominate at equilibrium (15) , should present the same nascent RNA target as the pretranslocated U18 ECs that would form upon nucleotide addition. Nonetheless, to test for possible complications, we compared effects of the 7-mer oligo when bound to ECs halted at C17 or at U18 (Fig. 3A) . We found that 7-mer oligo binding to C17 ECs actually had stronger effects on pausing, especially at saturating 32 M concentrations (Fig. 3B ). We suspect that this result reflects backtracking of ECs halted at U18, which is known to occur (28) and which would shorten the RNA in the exit channel available for hybridization. These results validated our use of C17 complexes as preferred substrates for the oligo-simulated pause assay.
The Maximal Increase in PEC Lifetime Requires an Exit Channel RNA-RNA Duplex Ն8 bp-In principle, differences in either the strength of oligo binding to the nascent RNA in halted ECs or a requirement for a longer duplex for maximum effect on RNAP could explain the reduced effect of the 7-bp exit channel RNA duplex on pause duration. Therefore, we next tested a range of possible exit channel RNA duplexes from 5 to 22 bp using 1 M oligo during the annealing step (Fig. 4A) . RNA oligos generating duplexes longer than 8 bp did not increase enhancement of pause duration significantly, giving ϳ14-fold longer pause durations than the scaffold lacking an exit channel RNA duplex (Fig. 4B) . Although 1 and 32 M 8-mer RNA oligos gave the same pause durations, showing that oligo binding sat-FIGURE 2. An antisense RNA oligo anneals to the nascent RNA and mimics the his pause hairpin. A, a schematic of the transcriptional pause assay. ECs were first preformed by assembling E. coli RNAP on the nucleic acid scaffold (RNA 6593, tDNA 5420, and ntDNA 5069; Table 1 ) shown in B (see "Experimental Procedures"). Preformed ECs (G17) were elongated to the C18 position by the addition of [␣-
32 P]CTP. The complexes were then incubated with or without an 8-nt antisense RNA oligo. The pause assay was initiated by the addition of 10 M GTP and 100 M UTP; aliquots were removed at the indicated times and mixed with 2ϫ loading dye, and RNA products were separated on 20% denaturing acrylamide gel. B, a representative example of a nucleic acid scaffold used in this study (for 8-mer antisense oligo; yields EC G17). The RNA-DNA hybrid region is highlighted in green, and the antisense RNA oligonucleotide (blue) anneals to C18 RNA upstream from the RNA-DNA hybrid (a 1-nt spacer separates the hybrid and the exit channel duplex). Elongation of RNA17 by RNAP is shown in lowercase type. C and D, two representative gels of transcription pause assay in the absence (C) or in the presence (D) of 1 M 8-nt antisense RNA oligo. The corresponding nucleic acid scaffolds are depicted above the gels with the RNA-DNA hybrid highlighted in green. The lane marked C is a chase lane containing reaction products after ECs were incubated for 3 min with 0.5 mM GTP and UTP after the 3-min time course. E, the 19-mer RNA (U19) present in each lane was quantitated as a fraction of the total RNA in each lane, normalized for the fraction remaining in the chase lane and plotted as a function of reaction time. The rate of escape, k obs , is obtained by fitting the disappearance of U19 RNA to a single exponential (for 8-nt antisense RNA) or to a double exponential equation (for no oligo control). The rates of escape in the presence or absence of 8-nt RNA oligo are indicated on the plot. F, pause half-lives of ECs containing no oligo (gray), 32 M 7-nt RNA oligo (red), 32 M 8-nt RNA oligo (green), or hairpin RNA (blue). Error bars, S.D.
urated at 1 M, much less stimulation of pause duration was detected at 1 M 7-mer relative to 32 M (Fig. 4B ). This result established that the 7-mer oligo binds the G17 EC more weakly than the 8-mer oligo. By testing various concentrations of 7-mer oligo, we found that the ϳ7-fold stimulation of pause duration at 32 M was saturating and that half-maximal stimulation occurred near 1 M 7-mer (Fig. 4C) . Consistent with observations from Ha and colleagues (36) that at least 7 complementary nt are necessary to seed oligo binding, we detected little if any increase in pause duration with 5-mer and 6-mer oligos at 1 M (1.75-fold maximum; Fig. 4B ), and increasing 5-mer or 6-mer concentrations did not change this result (data not shown). These results establish (i) that an 8-bp or longer RNA duplex maximally stimulates pause duration; (ii) that a 7-bp RNA duplex is both more difficult to form and, once formed, stimulates pause duration less than an 8-bp duplex; and (iii) that exit channel RNA duplexes less than 7 bp either are unable to form or have little to no effect on PEC lifetime.
Exit Channel DNA-RNA Duplexes Increase PEC Lifetime Less than RNA-RNA Duplexes-We next tested whether DNA oligos targeting the exiting RNA at positions identical to the RNA oligos could also stimulate pause duration and found that DNA oligos exhibited significantly less effect on PEC lifetime than RNA duplexes (Fig. 4B) . Further, at 1 M, DNA oligos Ն11 nt in length were required for maximal effect (in contrast to Ն8-mer for RNA oligos). Further, the maximal effect of DNA oligos on pause duration was about half that observed for the comparable length RNA oligo (Fig. 4B) . We conclude that exit channel DNA-RNA duplexes increase PEC lifetime less than RNA-RNA duplexes. Because a 10-mer DNA oligo at 1 M gave about the same partial effect as a 7-mer RNA oligo, we next tested whether its binding also was submaximal by measuring pause duration at varying 10-mer DNA oligo concentrations. We found that pause duration saturated at ϳ4-fold stimulation (less than the ϳ7-fold seen for the 7-mer RNA oligo) but that half-maximal binding again occurred at ϳ1 M oligo (Fig. 4D) . These results establish (i) that DNA-RNA exit channel duplexes are both more difficult to form than RNA-RNA duplexes (e.g. a 10-mer DNA oligo gives only half-maximal effect at 1 M, whereas 1 M 8-mer RNA is saturating); (ii) that once formed, DNA-RNA exit channel duplexes stimulate pause duration significantly less than a RNA-RNA duplex of comparable length; and (iii) that DNA-RNA exit channel duplexes must be Ն11 bp to give the maximum possible effect.
The approximate equivalence of 10 -11-bp DNA-RNA duplexes with 7-8-bp RNA-RNA duplexes for pause stimulation (even if not to similar levels) is consistent with calculations of DNA-RNA versus RNA-RNA stabilities in our assay conditions (Table 2) . Thus, these differences in length requirements probably reflect basic properties of the nucleic acid duplexes rather than differences in duplex-RNAP contacts. However, the reduced maximal stimulation of pause duration of all length DNA-RNA versus RNA-RNA duplexes cannot be similarly explained and must reflect differences in the way these two types of duplexes affect the enzyme (see "Discussion").
A Maximal NusA Effect on PEC Lifetime Requires RNA-RNA Duplexes Ն10 bp-NusA stimulates the duration of some pauses by factors of 3 or more, and this effect of NusA depends on both the formation of an RNA structure in the exit channel and the NusA N-terminal domain that contacts RNAP at the flap tip, near the RNA exit point (23) . Thus, we next asked how the effect of NusA varied as a function of different exit channel duplexes using 1 M RNA oligos (Fig. 5) . NusA increased the duration of oligo-stabilized pausing, and this effect depended on the length and structure of the exit channel duplex but with patterns that differed from those observed for oligos in the absence of NusA (Fig. 5A) . The maximal effect of NusA (ϳ10-fold stimulation of pause duration relative to oligo alone) required longer RNA duplexes (Ն10 bp instead of Ն8 bp). As a control, we also tested the effect of NusA on PECs lacking an exit channel duplex (ssRNA in exit channel; Fig. 5C ). We found no significant NusA effect on pause duration for PECs lacking exit channel duplexes (Fig. 5C) , consistent with the idea that NusA acts through structured RNA in the RNAP exit channel to affect pausing. Consistent with previous results (23), NusA required only an extended duplex and not an ssRNA hairpin loop to stimulate pausing to extents even greater than observed for the native his pause hairpin (Fig. 2, D and F) .
Given that the 7-mer RNA oligo required significantly higher than 1 M concentration of oligo to achieve maximal effect in the absence of NusA, we also tested whether NusA affected the oligo concentration dependence of pause stimulation by comparing the effects of 1 and 32 M oligo (Table 3) . Although high oligo concentration gave the expected increase in pause duration in the absence of NusA, 1 M 7-mer RNA oligo proved to be a saturating concentration in the presence of NusA. This result demonstrates that NusA stabilizes RNA oligo binding to the exiting RNA. The reduced stimulation of pause lifetime by 7-bp relative to 8-bp exit channel RNA duplexes at saturating concentrations in both the absence and presence of NusA suggests that contacts of the exit channel duplex to both RNAP and to NusA can extend to positions Ͼ18 nt from the transcript 3Ј-end. Further, stabilization of exit channel duplexes by NusA when no ssRNA is present upstream from the duplex argues strongly against the indirect NusA action model in which the duplex-stabilizing effect is proposed to result from NusA displacement of the upstream hairpin arm from a sequestering ssRNA binding site on RNAP (29) (see "Discussion").
Exit Channel DNA-RNA Duplexes Reduce NusA Stimulation of PEC Lifetime-We next tested whether NusA would have comparable effects on pause duration for PECs containing exit DNA-RNA duplexes. Using the same set of exit channel DNA-RNA duplexes that elicited maximal NusA effect with a Ն10-bp RNA-RNA duplex (Fig. 4, A and B) , we found that NusA had no significant effect on pause duration for DNA-RNA Ͻ10 bp and that the maximal NusA effect of a 3.5-5-fold increase in pause duration occurred with DNA-RNA duplexes of 11-12 bp (in contrast to Ն10-fold stimulation for 11-and 12-bp RNA-RNA duplexes; Fig. 5B ). To test whether DNA oligos simply bind more weakly even in the presence of NusA, we compared the effect of 10-mer and 12-mer DNA oligos at 1 M and 32 M with and without NusA ( Table 3 ). In contrast to the result with a 7-mer RNA oligo, 1 M 10-mer DNA oligo proved to be subsaturating even in the presence of NusA, whereas a 12-mer DNA oligo gave saturating effects at 1 M in the absence or presence of NusA. Thus, not only are RNA-RNA duplexes more effective at stimulating pausing than DNA-RNA duplexes even at saturating oligo concentrations, but the formation of RNA-RNA duplexes also appears to be stabilized by NusA in ways that DNA-RNA duplexes are not.
Single-or Double-stranded RNA Upstream of the Exit Channel Duplex Does Not Contribute to the Direct Effect of Exit
Channel Duplexes on Pause Duration-When the his pause hairpin or other exit channel structures form during natural transcription, the exit channel must accommodate three RNA strands: the two strands of the RNA duplex and the third RNA strand that connects the bottom of the hairpin stem near the lid domain to the upstream RNA transcript. This third RNA strand is thought to exit under the RNAP flap domain and is not required for effects on pause duration of the his pause hairpin or of artificial exit channel duplexes (23, 28) . However, it remains unclear whether RNA upstream from the exit channel duplex, in single-or double-stranded form, may positively or negatively affect the formation of exit channel duplexes, for instance by affecting clamp or flap positioning, because the his pause hairpin may form robustly and obscure such effects. To determine the impact of upstream RNA on duplex formation, we designed RNA oligos that could form 8-bp exit channel duplexes identical to those formed by our 8-mer RNA oligo but that contained additional non-complementary nt upstream of the duplex (Fig. 6) . In one case, 8 non-complementary Us were present upstream (U-tail RNA), and in the other, a short hairpin structure was present (hairpin-tail RNA; 7-bp stem, 4-nt loop). At high oligo concentration (32 M), we found that the U-tail RNA and hairpin-tail RNA stimulated pause duration equivalently to the 8-mer RNA oligo (Fig. 6) . Thus, neither the U-tail nor hairpintail altered the effect of the exit channel duplex per se. However, at 1 M, the hairpin-tail RNA, but not the U-tail RNA, increased pausing much less effectively than the 8-mer RNA previously found to be saturating at 1 M (see above). Thus, the hairpin-tail RNA, but not the single-stranded upstream RNA, appears to inhibit formation of the exit channel duplex.
ssRNA Upstream from an Exit Channel Duplex Enhances the Effect on Pause Duration of Full-length NusA but Not of
NusA-NTD-Ha et al. (23) found that full-length NusA required about 2-fold higher concentration to stimulate pausing on a his pause scaffold relative to on a promoter-initiated template for which RNA is present upstream of the pause hairpin, but that this difference was insignificant for the NusA-NTD alone, which binds PECs more weakly (20 -40-fold higher apparent K i ). Thus, we wondered if ssRNA upstream from an exit channel duplex could contribute to NusA stimulation of pause duration. To address this question, we tested NusA enhancement of pause duration using the U-tail and hairpintail RNAs oligos. Although the effects of 8-mer RNAs with or without the U-tail and the NusA effect on an 8-bp exit channel duplex saturate at 1 M oligo, pause duration increased for the U-tail RNA relative to the 8-mer RNA in the presence of NusA (Fig. 6) . Consistent with findings of Ha et al. (23) , some of this effect disappeared when using the NusA-NTD. Although upstream RNA is not needed for NusA action, single-stranded, upstream RNA can contribute to full-length NusA action. In contrast, PECs containing the hairpin-tail RNA reached about the same pause duration in the presence of NusA as observed for the 8-mer oligo. Hence, duplex RNA upstream of the exit channel duplex does not appear to aid NusA action. These results are consistent with an interaction of the NusA KH1 and KH2 domains with single-stranded RNA upstream of the exit channel duplex that contributes to NusA enhancement of pausing, as proposed by Ha et al. (23) .
RfaH Pause Suppression Can Be Overcome by High Concentrations of Antisense RNA-RfaH, a NusG paralog found in some enterobacteria, was found previously to inhibit pausing at the his pause site (5, 31) . This effect of RfaH appears to be mediated by RfaH contacts to the RNAP clamp and lobe domains that prevent clamp opening required for exit channel duplex formation (Figs. 1 and 7A) (30) . If this model is correct, then binding of antisense oligos in the RNAP exit channel and binding of RfaH to RNAP may compete indirectly; bound RfaH would be expected to inhibit oligo binding by locking the clamp shut, whereas bound oligo would be expected to inhibit RfaH binding by favoring an open clamp position that precludes simultaneous RfaH contacts to the clamp and lobe. Alternatively, RfaH may act through effects on the active site even when an exit channel duplex is formed; in this latter case, high concentrations of antisense oligo should not outcompete pause suppression by RfaH.
To test whether RfaH competes with antisense oligo binding or acts on ECs even in the presence of an exit channel duplex, we tested pause enhancement by the 8-mer antisense RNA and pause suppression by the isolated N-terminal domain of RfaH (RfaH-NTD). RfaH-NTD lacks the autoinhibitory C-terminal RfaH domain and is capable of RfaH action even in the absence of an ops (operon polarity suppressor) sequence on the EC nontemplate strand (31, 37) (see "Experimental Procedures"). RfaH-NTD decreased pause dwell time at the his pause by a factor of ϳ5 at 1 M antisense 8-mer (pause half-life ϳ69 s without RfaH-NTD versus 14 s with 500 nM RfaH-NTD and required only 125 nM RfaH-NTD for a large effect; Fig. 7 , B and C, and Table 4 ). Before testing for competition between RfaH and antisense RNA, we next asked if NusG might exhibit a similar effect. Although the NusG CTD does not inhibit NusG binding to RNAP (38) and full-length NusG has little effect on hairpin-stabilized pausing (12), we reasoned that high concentrations of NusG might compete for antisense RNA binding. Indeed, we found that 500 nM NusG partially suppressed pause stimulation by 1 M antisense RNA (Fig. 7C ), but the weak effect and absence of any effect at lower concentration precluded using NusG for our planned experiment. We concluded that NusG probably binds the closed clamp EC more weakly than RfaH-NTD and therefore used RfaH-NTD for subsequent experiments.
To test whether the 8-mer antisense RNA and RfaH-NTD compete as a function of their relative concentrations, we conducted the oligo-stimulated pause assay at various RfaH-NTD and 8-mer concentrations. In some conditions, the rate of pause RNA disappearance was biphasic (e.g. at 250 nM RfaH-NTD and 1 M 8-mer; Fig. 7D and Table 4 ). When present, the faster pause escape rate was relatively constant with a t1 ⁄ 2 of ϳ14 s (Table 4 ). In contrast, the t1 ⁄ 2 of the slow species, when evident, was inversely related to the concentration of RfaH-NTD (Table  4) . To simplify analysis given the presence of the two pause species, we calculated pause strengths ( 0 ; fraction paused/escape rate; Fig. 7D ; see "Experimental Procedures") because 0 of multiple pause species at one position can be added. We found that high concentrations of RfaH-NTD could outcompete the effect of even high concentrations of 8-mer antisense oligo. However, at intermediate concentrations of RfaH (125 nM RfaH-NTD), high concentrations of 8-mer could overcome A, NusA effect on RNA oligo stimulation of pause lifetime was measured using ECs reconstituted with DNAs 5069 and 5420 and different sizes of RNAs (Table  1 ; see "Experimental Procedures"). Antisense RNA oligos were added at 1 M to 50 nM ECs as illustrated in Fig. 2A . For samples with NusA, 1 M antisense oligo and 2.5 M full-length NusA protein were added at the same time. The enhancement of pause half-life by NusA was calculated, and the -fold effect is indicated above the bars. B, bar graph of pause half-life for ECs with 1 M antisense DNA oligos and in the presence or absence of 2.5 M full-length NusA. The experiment was performed identically to that shown in A except that DNA oligos with various lengths were added to generate a range of ECs containing exit channel RNA-DNA heteroduplexes. C, NusA has no effect on the pause half-life of ECs when antisense RNA oligos are absent. ECs were assembled on nucleic acid scaffolds (shown in the inset) with different RNAs by changing the length of RNA highlighted in the blue box located upstream from the CMP spacer nucleotide. Pause half-lives of ECs with 2.5 M fulllength NusA (gray) or without NusA (orange) were determined as described under "Experimental Procedures." Error bars, S.D.
TABLE 3 Pause enhancement by NusA for different types of duplexes and oligo concentrations
The pause half-life was calculated from the rate of pause escape on the scaffolds containing different exit channel duplexes using an in vitro transcriptional pause assay as described under "Experimental Procedures." 2.5 M full-length NusA was used in all experiments.
Types of duplex [Oligo]
Pause half-life ؊NusA ؉NusA ؉NusA/؊NusA 6 pause suppression by RfaH-NTD, although 1 M 8-mer was sufficient to give the full effect of the 8-mer in the absence of RfaH-NTD. To verify that this effect was specific to formation of an exit channel duplex, we also tested high concentrations of a non-complementary 8-mer RNA in the presence of 1 M antisense 8-mer and 125 nM RfaH-NTD (Table 4) . We found that high concentrations of non-complementary 8-mer did not compete for pause suppression by RfaH, verifying that competition occurs through formation of an exit channel duplex. In our experiments, we added RfaH-NTD and the oligo at the same time. To test whether the order of addition is important, we added RfaH-NTD followed by the addition of oligo or vice versa. We found that the competition between RfaH and the oligo was unaffected by the order of RfaH and oligo addition. We conclude that RfaH-NTD and 8-mer antisense oligo compete in a concentration-dependent manner consistent with the model in which RfaH stabilizes the closed clamp, which inhibits 8-mer binding, whereas exit channel duplexes stabilize the open clamp, which inhibits RfaH binding. Our results suggest that E. coli NusG acts similarly but with reduced ability to favor clamp closing (see "Discussion").
DISCUSSION
Our study provides several new insights into the mechanism of pause enhancement by exit channel duplexes and the mechanisms of the elongation factors NusA and RfaH. We found that the length and type of the exit channel duplexes affect duplexstabilized pausing and NusA enhancement of pausing differently. Beyond simply being harder to form, DNA-RNA exit channel duplexes are less effective at stabilizing the paused state even in the absence of NusA. The maximal NusA stimulation of pausing requires duplexes 2 bp longer than the maximal exit channel duplex effect without NusA (Ն10-bp versus Ն8-bp RNA-RNA duplexes, respectively). Our results suggest that NusA functions through direct NusA-duplex interaction rather than indirect displacement of ssRNA binding to RNAP and that RfaH and exit channel duplexes compete for opposite effects on RNAP clamp conformation.
The Bacterial RNAP Exit Channel Appears to Recognize RNA-RNA Duplexes Preferentially-Although many studies provide evidence for direct RNA hairpin-RNAP interaction in the stimulation of transcriptional pausing by E. coli RNAP (22, 25-27, 39, 40) , little is known about the structural requirements for these effects. Chan and Landick (26) found that a UUCG tetraloop could replace the 8-nt loop normally present on the 5-bp stem of the his pause hairpin without loss of pause stabilization but that the tetraloop his pause hairpin reduced the effect of NusA. Toulokhonov et al. (27) found that increasing the length of the his pause hairpin stem to 8-bp gave a 50% increase in pause duration, about the same effect as increasing the distance of the hairpin from the RNA 3Ј-end from 11 to 12 nt. Our results here suggest that the 8-bp RNA-RNA stem is sufficient for the maximal effect of an exit channel duplex, whereas a 7-bp stem is less effective, and a Յ6-bp stem has little effect. The requirement for Ն7 bp for pause stimulation is consistent with the recent report of a "rule of seven" for rapid pairing of oligonucleotides (36) ; for both RNA and DNA, and both in vivo and in vitro, seven contiguous bp greatly increase k on for pairing. We infer that the same rule applies to pairing of nascent RNA in the RNAP exit channel to oligos in solution.
Interestingly, the concentration dependences of pause stimulation by 7-mer antisense RNA oligo and 10-mer antisense DNA oligo (Fig. 4, C and D) are not much different than those predicted for pairing of the pure nucleic acids at 37°C and the buffer conditions used in our assay (50% of 50 nM transcript predicted to be paired by ϳ2 M 7-mer RNA or ϳ0.7 M 10-mer DNA based on data in Table 2 ). Thus, the RNAP exit channel does not appear to enhance or inhibit oligo binding dramatically, although direct measures of oligo binding will be required to verify this conclusion.
However, the natural 5-bp stem of the his pause hairpin is more effective than our 7-bp artificial duplex. This result suggests that the hairpin loop, which is likely to assume some degree of secondary structure, contributes to the effect of the his pause hairpin although a single-stranded loop is not required for the effect of artificial duplexes. Thus, the natural his pause hairpin may resemble the artificial 8-bp exit channel duplex in overall shape, evident in a model of the his pause hairpin loop (23) , and this duplex length apparently is required for the full effect of the exit channel duplex.
Interestingly, DNA-RNA duplexes of any size are unable to mimic the full effect of the his pause hairpin (Fig. 4) . Although DNA-RNA duplexes are expected to be less stable than RNA-RNA duplexes (41) (42) (43) , DNA-RNA duplexes predicted to be as stable as somewhat shorter RNA-RNA duplexes (44, 45) (Table  3 ) still fail to increase pause duration to the same extent as those RNA-RNA duplexes (Fig. 4) . We suggest that this reduced effect of DNA-RNA exit channel duplexes is likely to reflect some extent of specificity in the interactions of pause-enhancing duplexes with the RNAP exit channel. In crystal structures, a 10-bp DNA-RNA duplex is at least as large in both helix diameter and length as an 8-bp RNA-RNA duplex (Fig. 8) . Hence, based simply on steric consequences for the exit channel, the DNA-RNA duplex should be as effective as the RNA-RNA duplex in altering RNAP clamp conformation. The small differ- 
TABLE 4
Antagonistic effects of RfaH and antisense 8-mer RNA oligo on pausing ences evident are in the positions of phosphate charges relative to the minor groove. Although differences in interactions within the grooves are possible, we favor the view that differences in locations of the phosphates on the RNA-RNA duplex increase interactions with positive charges on RNAP that either slow translocation or alter interactions with charges on RNAP that result in a greater degree of clamp opening. Distinguishing these two possible effects remains an important research question. A PEC crystal structure that includes an exit channel duplex would be highly informative, but all efforts to date to obtain such a structure have resulted either in insufficient resolution to detect the duplex or, more likely, degradation of the duplex during formation of the crystal lattice (17, 21) .
NusA Remodels RNAP Exit Channel Interaction SpecificityThe E. coli hexadomain NusA regulator (NTD-S1-KH1-KH2-AR1-AR2) is known to interact with the RNAP exit channel via an essential NusA NTD-RNAP-flap tip contact (23, 24, 27) , alone to promote hairpin-stabilized pausing and intrinsic termination (46, 47) and in concert with antiterminator proteins like N or Q to suppress termination by inhibiting formation of exit channel duplexes (29, 48) . Based on nascent RNA-NusA cross-linking, Gusarov and Nudler (29) argue that alone NusA stimulates the exit channel duplex formation indirectly by binding to and displacing nascent RNA from a ssRNA-specific binding site near the exit channel. In a variant of this model, Yang and Lewis propose that the NusA AR1-2 interacts with the upstream arm of the exit channel hairpin to displace it from the ssRNA-binding site (49) . Our results contradict the simple versions of either model. Pause enhancement by NusA requires the potential to form an exit channel duplex but remains strong even at high concentrations of antisense oligos that could both fully saturate an ssRNA-binding site and form the exit channel duplex. NusA-NTD alone can achieve this enhancement, but it requires a 10-bp rather than 8-bp duplex. These observations are most consistent with a direct interaction of NusA-NTD with the exit channel duplex that is optimal with a 10-bp duplex and either inhibits translocation or stabilizes clamp opening. This direct model of NusA interaction also explains the observations that either single-stranded nascent RNA or nascent hairpin RNA cross-links to NusA-NTD (23) and that a replacement of the 8-nt loop of the his pause hairpin with a UUCG tetraloop sequence (which stabilizes the hairpin but reduces the apparent duplex length) decreases the effect of NusA (26) .
Thus, we favor the view that NusA remodels the RNA binding specificity of the RNAP exit channel to include additional duplex contacts extending up to Ϫ21 from the RNA 3Ј-end (a 10-bp duplex from Ϫ12 to Ϫ21). However, greater insight into the nature of direct NusA-nascent RNA interactions awaits PEC crystal structures that include both exit channel duplexes and NusA.
RfaH and Exit Channel Duplexes May Compete Indirectly by Tightest Binding to Different RNAP Conformations-Both
RfaH and its general paralog NusG, the only elongation factor conserved in all three domains of life, are thought to stabilize the closed clamp, elongation-efficient conformation of RNAP (50 -52) . RfaH requires interaction of its CTD with a specific nontemplate strand DNA sequence called ops to undergo a structural rearrangement and liberate the RNAP-binding activity of the RfaH-NTD (5, 31), but both RfaH-NTD and NusG-NTD alone bind ECs through multiple contacts and exhibit antipausing activity (31, 38) . However, RfaH-NTD, which contacts the EC on the clamp helices, the gate loop, and potentially the NT DNA strand (Fig. 1) , is more potent and can override the pausing-enhancing effects of exit channel duplexes (30, 31, 37) . Our findings clarify the action mechanisms of RfaH/NusG class regulators with the key insight that RfaH and exit channel duplexgenerating oligos compete in a concentration-dependent manner for their opposite effects on pausing by RNAP (Fig. 7) . This concentration dependence necessitates mutually exclusive binding of RfaH-NTD versus oligo to the EC states in which they exert their largest effects on pausing. In principle, mutually exclusive binding could occur because RfaH-NTD directly blocks exit channel duplex formation through contacts to nascent RNA or steric exclusion in the exit channel. However, such a direct effect of RfaH-NTD on exit channel duplexes is highly unlikely because structural models of RfaH binding, which are well constrained by mapped contacts to the clamp helices, gate loop, and NT DNA, place all of RfaH-NTD Ն25 Å from the exiting RNA with the bulky and negatively charged NT DNA strand and upstream DNA duplex between RfaH-NTD and RNA (30, 31) . Thus, the simplest interpretation of the concentration-dependent competition of RfaH-NTD and antisense oligo for effects on pausing is that RfaH binds tightest to the closed clamp RNAP conformation and that duplexes form more readily in the open clamp conformation. We note that the results do not preclude RfaH binding weakly to open clamp RNAP (e.g. through a single contact to the clamp helices) or antisense oligo binding to the closed clamp conformation, as long as such binding results in weaker effects on pausing. Indeed, NusG, which binds ECs avidly (38) but competes with duplex formation much less effectively than RfaH (Fig. 7C) , may primarily bind the clamp helices and make only weak clampclosing contacts with other parts of RNAP. Interestingly, Bacillus subtilis NusG (53), like RfaH (5), can even enhance pausing at some sites, suggesting that significant regulatory plasticity exists for this class of regulators.
The concentration-dependent competition of RfaH-NTD and antisense oligos also has an important implication for antitermination, regardless of the precise mechanism. In addition to antipausing, RfaH, N, and Q can suppress transcription termination for at least a subset of intrinsic terminators; N and Q appear to achieve suppression by blocking formation of the terminator hairpin through contacts also involving NusA (29, 32, 48) . For N and Q, a number of mechanisms for inhibiting hairpin formation have been considered, including direct antiterminator contacts to nascent RNA. However, our finding that the closed clamp may inhibit exit channel duplex formation suggests that indirect suppression of terminator hairpin formation could be achieved simply by RfaH, N, or Q stabilization of a closed clamp conformation. Such a view is also consistent with crystal structures of open and closed clamp RNAP conformations because only the open clamp conformation appears able to accommodate RNA secondary structures in the nascent RNA exit channel (17, 21) .
The idea that different effects of regulators and nascent RNA structures on transcript elongation by RNAP may be mediated by competing effects on clamp position is attractive because it would allow synergy or antagonism between different regulators and structures interacting at different locations of the clamp. Depending on the strengths of interactions with open or closed clamp conformations, possible direct contacts among regulators and RNA structures, and the consequences of clamp conformations for RNAP activity, multiple regulatory inputs to elongation could be integrated. Much work remains, however, to understand specific interactions of regulators with the clamp and the consequences of different clamp conformations for different steps in the nucleotide addition cycle, such as translocation or catalysis mediated by trigger loop folding.
